Abstract Dietary organic acids are increasingly being investigated as a potential means of improving growth and nutrient utilization in aquatic animals. A 9-week study was performed to compare equal amounts (2%) of different organic acids (sodium butyrate, acetate, propionate, or formate) on the growth, muscle proximate composition, fatty acid composition, cholesterol and lipid peroxidation, differential cell counts, plasma biochemistry, intestinal short-chain fatty acid (SCFA) level, and liver histopathology to red hybrid tilapia (Oreochromis sp.) (initial mean weight of 2.87 g). A second experiment was performed to determine their effects on lipid peroxidation and trimethylamine (TMA) when added at 1% to tilapia meat and left out for 24 h. The results of the first experiment showed no treatment effect to growth, feeding efficiencies, or muscle fatty acid composition, but all dietary organic acids significantly decreased intestinal SCFA. Dietary butyrate and propionate significantly decreased muscle lipid peroxidation compared to the control group, but the dietary formate treatment had the lowest lipid peroxidation compared to all treatments. Muscle crude protein and lipid in tilapia fed the formate diet were significantly lower and higher, respectively, and showed evidence of stress based on the differential cell counts, significantly higher plasma glucose and liver glycogen, as well as inflammatory responses in the liver. Although a potential benefit of dietary organic acids was a reduction to lipid peroxidation, this could be accomplished postharvest by direct additions to the meat. In addition, inclusions of butyrate and propionate to tilapia meat significantly decreased TMA, which might be a more cost-effective option to improve the shelf life of tilapia products.
(Oreochromis sp.) (initial mean weight of 2.87 g). A second experiment was performed to determine their effects on lipid peroxidation and trimethylamine (TMA) when added at 1% to tilapia meat and left out for 24 h. The results of the first experiment showed no treatment effect to growth, feeding efficiencies, or muscle fatty acid composition, but all dietary organic acids significantly decreased intestinal SCFA. Dietary butyrate and propionate significantly decreased muscle lipid peroxidation compared to the control group, but the dietary formate treatment had the lowest lipid peroxidation compared to all treatments. Muscle crude protein and lipid in tilapia fed the formate diet were significantly lower and higher, respectively, and showed evidence of stress based on the differential cell counts, significantly higher plasma glucose and liver glycogen, as well as inflammatory responses in the liver. Although a potential benefit of dietary organic acids was a reduction to lipid peroxidation, this could be accomplished postharvest by direct additions to the meat. In addition, inclusions of butyrate and propionate to tilapia meat significantly decreased TMA, which might be a more cost-effective option to improve the shelf life of tilapia products.
Introduction
Organic acids are compounds with slightly acidic properties with less than seven carbon lengths that terminate with one or more carboxyl groups (Lückstädt 2008) . These are "generally regarded as safe" for animal and human consumption and have been used for many years as anti-microbials and preservatives in feeds. The most common include citric, propionic, formic, butyric, and acetic acid or their salts Hoseinifar et al. 2016a ). These are increasingly being investigated as dietary additives to various fish and crustacean species as a potential means of improving their growth, nutrient utilization, and/or resistance to pathogenic bacteria Hoseinifar et al. 2016a) . It is believed this is partly due to their slight acidifying properties that can inhibit pathogenic bacteria and/or enhance digestive enzyme activities (Castillo et al. 2014; Silva et al. 2016 ). In addition, some organic acids can act as readily available energy sources and/or feed attractants in tilapia or shrimp (Xie et al. 2003; Silva et al. 2013 ) as well as a protective agent against the damaging effects of oxidized oils in diets (Liu et al. 2014 ). There may also be potential implications to post-harvest quality, such as reducing lipid peroxidation in fish when included in the diets (Liu et al. 2015; Romano et al. 2016 ) and/or inhibiting bacterial spoilage in terrestrial meat (Ouattara et al. 1997) . The implications of these to the production of trimethylamine (TMA), which is often used an indicator of bacterial spoilage such as from Shewanella putrefaciens and Photobacterium phosphoreum in fish (Dalgaard 1995) , have received limited attention.
Determining the effects of dietary organic acids to farmed fish or shellfish can be particularly important, since these can be advertised as effective additives in their commercial diets. This practice, however, is often done without prior testing and solely based on positive findings from terrestrial livestock . Such advertising can be misleading considering the efficacy of organic acids to aquatic animals is largely dependent on the type as well as species Hoseinifar et al. 2016a ). For example, dietary sodium propionate reduced the growth in Artic char Salvelinus alpinus (Ringø 1991) , but the same organic acid improved the growth performance in zebra fish (Danio rerio) (Hoseinifar et al. 2016b) , Caspian white fish (Rutilus kutum) , and common carp . Furthermore, formic acid and their salt reportedly improved mineral digestibility in rainbow trout (Oncorhynchus mykiss) (Vielma and Lall 1997; Morken et al. 2011) , but an organic acid blend consisting of sodium formate and butyrate (at a 2:1 ratio) significantly decreased nutrient digestibility in the same species (Gao et al. 2011) . In a more extreme case, dietary sodium citrate (at 1-4%) was toxic to tilapia based on lower growth and health status as well as liver damage that included necrosis and hemorrhaging . In contrast, similar dietary levels of citric acid improved growth and/or nutrient utilization in various fish species (Hossain et al. 2007; Khajepour and Hosseini 2012; Sarker et al. 2012) .
Considering the increasing interest in dietary acidifiers, and popularity of tilapia as a food fish that is only behind carp in overall aquaculture production (FAO 2015) , evaluating different dietary organic acids to the growth and health status of this commercially important species would likely benefit the industry. Therefore, two experiments were performed in this study which included (1) a comparison of different dietary organic acid effects on the growth performance, feeding efficiencies, plasma and muscle biochemistry, intestinal short-chain fatty acids, as well as liver histopathology and glycogen content in red hybrid tilapia (Oreochromis sp.); and (2) comparing the efficacy of different organic acids on lipid peroxidation and TMA from tilapia meat left for 24 h at room temperature.
Materials and methods

Experiment 1
Experimental diets
A total of five isonitrogenous diets were formulated to contain an equal amount (2%) of different organic acids that included sodium butyrate, acetate, propionate, or formate, while cellulose was added in the control diet at 2%. The organic acid level was chosen based on positive findings with various aquatic species (Khajepour and Hosseini 2012; Silva et al. 2013; Safari et al. 2016; Sukor et al. 2016) .
Danish fish meal and soybean meal were the main protein sources, which were finely ground and sieved, and soybean oil was the main lipid source. All dry ingredients were thoroughly mixed for 30 min, followed by adding the lipid and then distilled water, and mixed again for an additional 30 min. The diets were then extruded according to Romano et al. (2016) and stored in air-tight plastic bags until use at −20°C. The proximate composition of the experimental diets was measured according to the Association of Official Analytical Chemists (AOAC) (1997) standard methods and was shown to be similar among treatments. The pH of the diets was measured according to Romano et al. (2015) ( Table 1) .
Source of experimental animals and experimental design
Red hybrid tilapia (Oreochromis sp.) fingerlings (2-4 cm) were obtained from the Puchong Aquaculture Experimental Station, Universiti Putra Malaysia (UPM), and brought to the Wet Laboratory, Department of Aquaculture, Faculty of Agriculture, UPM. They were fed a commercial diet designed for tilapia (Ding Ding, Malaysia) . After an initial 2-day acclimation period in a 1000-l fiberglass tank, a total of 20 apparently healthy fish were placed in glass aquaria filled with 70 l of de-chlorinated freshwater and continued to be fed the commercial tilapia diet. The following day, the aquaria were randomly assigned one of the five treatments, which yielded triplicates in each treatment, and the fish fed their respective diets to satiation twice each day for 9 weeks.
In each aquarium, gentle aeration and individual preconditioned biofilters were provided; however, each day and week, approximately 20 and 90% of the water was exchanged, respectively. The ammonia and nitrite levels were tested once per week prior to the water exchanges from each aquarium using a commercial test kit (Aquarium Pharmaceuticals®). The mean (±SD) ammonia-N and nitrite-N was 0.30 ± 0.01 and 0.40 ± 0.02 mg l . The mean (±SD) dissolved oxygen, pH, and temperature were also measured once per week using a digital probe (YSI 556, MPS) , and these ranged from 5.4 ± 0.5 ppm, 7.8 ± 0.3, and 27 ± 0.2°C, respectively. The water source was tap water, and sodium thiosulfate was used to neutralize any residual chlorine.
After 9 weeks, the fish were euthanized with an overdose of clove essential oil, and the final length (0.1 cm) and weights (0.01 g) were measured for later calculations of specific growth rates (SGRs) and weight gain (WG) using the following equations: WG ¼ final body weight−initial body weight ð Þ =initial body weight ½ Â 100 SGR for weight ¼ specific growth rates %day 
The feed conversion ratio (FCR) was also determined using the following equation:
FCR ¼ total dry weight of diet fed g ð Þ=wet weight gain g ð Þ:
The blood from each fish was obtained to determine the differential cell counts and plasma biochemistry and then dissected for further analysis (see sections below).
Plasma biochemistry and differential cell counts
The differential cell counts were performed according to Noga (2010) . Briefly, one drop of blood was taken from three fish in each replicate and smeared onto glass slides. These slides were air dried and fixed in absolute methanol for 1 min and then 3 min in a May-Grünwald solution (BD Chemicals Ltd., England). After incubating the slides for 1 min in a PBS solution, these were then stained for 10 min in a 5% Giesma solution in order to accurately determine the cell type. At least ten images were taken from the slides under a microscope, and the differential cell counts were performed with the aid of the ImageJ software (CellC ImageJ; version 1.46d) (National Institute of Health, Bethesda, MD). The percentage of leukocytes was determined using the following formula:
Absolute no:of specific leukocyte in the blood=total leukocyte count ½ Â 100
To measure the plasma biochemistry, the blood was obtained from syringes previously coated with a saturated EDTA solution. The blood was pooled from all remaining fish in the same tank, to ensure the minimum required volume for measurements. This yielded triplicate samples in each treatment. After centrifuging the blood at 603×g for 10 min, the plasma was removed, placed in a new vial, and kept at −20°C. The plasma phosphate, triglycerides, and alanine aminotransferase (ALT) activity was determined using a Hitachi 902 automatic analyzer (Boehringer Mannheim Diagnostics, Indianapolis, IN). For phosphate, these ions reacted with ammonium molybdate under acidic conditions to produce a phosphomolybdate complex that was measured spectrophotometry at 340 nm. The ALT was measured using an α-ketoglutarate reaction using a L-glutamyl-3-carboxy-4-nitroanilide rate method. Triglycerides were measured enzymatically using a series of coupled reactions in which triglycerides were hydrolyzed to produce glycerol. Glycerol was then oxidized using glycerol oxidase, and the reaction product H 2 O 2 , was measured quantitatively in a peroxidase-catalyzed reaction that produces a color, and the absorbance was measured at 500 nm.
Body indices, muscle TBARS, proximate composition, and fatty acid composition
After blood collection, the tilapia were then dissected to remove the viscera and then liver to calculate the viscerosomatic index (VSI) and hepatosomatic index (HSI), respectively. The VSI and HSI were calculated by dividing the viscera and liver by the final body weight, respectively. The liver from six fish in each treatment were then used for histopathological examination (see section below), while the intestine was pooled in each replicate for short-chain fatty acid analysis (see section below). From the remaining carcass, the heads, skin, and fins were removed and the muscle was filleted, finely minced, and pooled in each replicate. The muscle samples were then stored at −20°C for later determination of the proximate and fatty acid composition as well as for thiobarbituric acid reactive substances (TBARS) analysis (see below).
The TBARS assay was analyzed in duplicate in each replicate from one gram of muscle and the production of malondialdehyde (MDA) was measured according to Lynch and Frei (1993) . To produce a standard curve, 1,1,3,3,-tetraethoxypropane (TEP) from a 100-μM stock solution was made and the TBARS values are expressed as MDA equivalents (μM g
−1
). The fatty acid composition was also analyzed in duplicate from each replicate from 1 g of muscle according to Ebrahimi et al. (2014) . Meanwhile, from the remaining muscle sample, the proximate composition was determined according to AOAC (1997) standard methods.
Intestinal short-chain fatty acids
After storing the intestinal samples with digesta at −20°C, these samples were finely minced using scissors and 1 ml of 20% metaphosphoric acid was added to 2 g of the intestine. This was then thoroughly homogenized using a homogenizer, and the supernatant was then stored at −20°C, and short-chain fatty acids (SCFAs) were measured according to Romano et al. (2016) . Briefly, SCFA was measured on a gas-liquid chromatograph Quadrex 007 Series (Quadrex Corporation, New Haven, CT 06525 USA) with a bonded phase fused silica capillary column (15 m, 0.32 mm ID, 0.25-μm film thickness) in an Agilent 7890A gas-liquid chromatography (Agilent Technologies, Palo Alto, CA, USA) equipped with a flame ionization detector (FID). The injector/detector temperature was programmed at 220/ 230°C. The column temperature was set in a range of 70-150°C with temperature programming at a rate of 7°C min −1 increments to facilitate optimal separation.
There was an initial holding time of 1.5 min once 70°C was reached and a final holding time at 3.5 min at the end of the program. Authentic standards of acetic, propionic, butyric, isobutyric, valeric, isovaleric, and 4-methyl-n-valeric acids (Sigma, St. Louis, Mo., USA) were used for comparison to identify the peaks.
Liver histopathology and periodic acid-Schiff
A total of four fish in each treatment were used for the histopathological examination of the liver. After dissection, the livers were immediately fixed in 10% (v/v) phosphate-buffered formalin for 24 h, followed by 70% ethanol (v/v) until processing. After processing, the tissues were embedded in paraffin wax, sectioned (5 μm), stained with hematoxylin and eosin or periodic acid-Schiff (PAS) according to Karami et al. (2016) . PAS staining intensity was quantified using the ImageJ software (National Institute of Mental Health, Bethesda, Maryland, USA), and the staining area values were produced after using the same lower and upper threshold of 0 and 145, respectively.
Experiment 2
Three live tilapia (25-32 g) were purchased from a local grocery store and brought to the lab. The fish were then euthanized with an overdose of MS-222 and then deskinned and filleted to obtain the muscle. The muscle from three fish was then thoroughly homogenized in a food processor, and then five equal portions were separated, weighed, and an equal level of different organic acids at 1% (w/w) that included sodium acetate, butyrate, propionate, or formate was added. This level was chosen based on a previous pilot study showing that 2% led to excessive water loss and an unappealing color and texture. A control was used that received no organic acid additions. The organic acids were mixed with the fish meat by hand, using gloves, and between mixing gloves were changed to prevent contamination. From these, six separate samples (1 g) from each treatment were placed in aluminum foil trays, covered with a plastic tray, and left at room temperature (28°C) for 24 h. After 24 h, the samples showed obvious signs of deterioration that included an obvious "fishy" smell and a color change from white to a more brownish color. The samples were then wrapped in aluminum foil and stored at −20°C for measurements of MDA and trimethylamine (TMA) in triplicate as indicators of fish spoilage within 2 days. Measurements of MDA were performed as previously stated while TMA was measured according to Hamid et al. (2013) .
Statistical analysis
Data was subjected to a one-way ANOVA and chisquared analysis for survival after testing for homogeneity of variance. If significant differences (P < 0.05) were detected, a Dunnett post hoc test was performed to identify differences among treatments. Meanwhile, to only compare the organic acid groups, data from the control was omitted and a one-way ANOVA was used. For all statistical analysis, the SPSS statistical package version 22.0 was used.
Results
Experiment 1
Survival, growth, feeding efficiencies, and body indices
The survival of tilapia was high and ranged from 95.0-98.3%, with no significant difference detected among treatments (P > 0.05). Similarly, no difference to growth performance, feeding efficiency, or body indices was detected (P > 0.05) among the different treatments ( Table 2) .
Muscle proximate composition, lipid peroxidation, and fatty acid composition
The proximate composition, cholesterol, and MDA equivalents of the tilapia muscle are shown in Table 3 . There was no significant treatment effect on the muscle moisture or crude ash. However, the crude protein and lipid were significantly lower and higher, respectively, for tilapia fed dietary formate compared to those fed the control or butyrate diets. Finally, lipid peroxidation was significantly lower in the organic acid fed fish, with the formate treatment being significantly lower than all others. No significant differences were detected among these parameters (P > 0.05)
The dominant fatty acids in the muscle of tilapia were C18:1n-9 at 32.2% followed by C18:2n-6 at 27.4%. Meanwhile, among the major long-chain polyunsaturated fatty acids, C20:4n-6, C20:5n-3, and C22:6n-3, these were 2.1, 0.7, and 2.3%, respectively. The results showed that none of the individual fatty acids or groups was significantly affected by dietary organic acids (data not shown).
Plasma biochemical composition and differential cell counts
The biochemical composition of the plasma from tilapia fed diets with different organic acid additions is shown in Table 4 . Plasma phosphate was significantly higher in the propionate treatment compared to the butyrate treatment. Plasma potassium was significantly higher for tilapia fed the propionate diet compared to the acetate, butyrate, and control treatments while plasma sodium was significantly lower for tilapia fed the propionate diet compared to the acetate and butyrate treatments. Plasma glucose was significantly higher for tilapia in the dietary formate treatment compared to those in the control, butyrate, or acetate treatments. No significant treatment effect was detected to plasma calcium, chloride, or triglycerides.
Among the organic acid treated diets, formate significantly affected some of the differential cells counts of tilapia (Table 5 ). The percentage of red blood cells and granulocytes was significantly higher for tilapia fed the formate treated diets, compared to the control, while the percentage of lymphocytes was significantly lower. Meanwhile, the granulocyte to lymphocyte (G/L) ratio was significantly higher for tilapia in the dietary formate treatment compared to those in the control.
Intestinal short-chain fatty acids
The measured SCFAs within the intestine (containing digesta) of tilapia consisted of acetic acid, butyric acid, and propionic acid, which are shown in Fig. 1 . The results showed that the dietary supplementation of organic acids significantly decreased all the intestinal SCFAs compared to the control. For fish fed the formate diet, acetic acid was the lowest and was significantly lower than the butyrate treatment. On the other hand, propionic acid was significantly higher for fish in the formate treatment compared to the other dietary organic acid treatments.
Liver histopathology and periodic acid-Schiff
The liver of fish from the control, butyrate, acetate, and propionate treatments appeared to have normal sinusoid structure with uncongested veins and intact hepatocytes (Fig. 2a) . However, for fish in the formate treatments, there were white blood cell infiltrations and what appeared to be lipofuscin that were distributed among the hepatocytes and pancreas (Fig. 2b) . In addition, the liver was stained significantly more for PAS-positive material in the formate treatment compared to all other treatments (Figs. 3a, b and 4) .
Experiment 2
Malondialdehyde and trimethylamine in fish meat
The amounts of MDA and TMA in tilapia meat after being left at room temperature for 24 h are shown in Figs. 5 and 6, respectively. All organic acids significantly reduced MDA compared to the control, and no significant difference was detected among the organic acid treatments. Meanwhile, TMA was significantly reduced in tilapia meat with sodium butyrate or propionate additions compared to the control, while no significant difference in the TMA was detected between the sodium formate treatment and the other treatment groups.
Discussion
The uses of butyric, acetic, and propionic acid salts have not yet been investigated as dietary additives to tilapia, and were shown to have no effect on their growth or feeding efficiencies. These did, however, decrease muscle lipid peroxidation and significantly reduced intestinal SCFAs when included in the diets of tilapia. Similarly, dietary sodium formate also led to significantly lower intestinal SCFA and the lowest lipid peroxidation among the treatments; however, this also appeared to induce stress and compromised health based on the differential cell count, altered plasma and muscle biochemistry, as well as liver histopathology. Much of the research on dietary organic acids to tilapia have focused on sodium formate or potassium diformate (KDF) at levels ranging from 0.2-1.2%, which were generally found to impart certain benefits including better growth and/or nutrient utilization (Ng et al. 2009; Zhou et al. 2009; Liebert et al. 2010; Elala and Ragaa 2015) . For instance, Liebert et al. (2010) found that dietary sodium formate at 0.3% significantly improved feeding efficiency in tilapia but the same amount of dietary KDF was not as effective. On the other hand, a dietary inclusion of KDF at 0.3% was reported to significantly improve the growth, feeding efficiency, and protein digestibility in tilapia (Elala and Ragaa 2015) . Higher levels of dietary KDF from 0.3 to Table 4 Mean (±SE) plasma mineral content (mmol l Different lowercase letters within each row indicate significant differences (P < 0.05) Fig. 1 Mean (±SE) intestinal short-chain fatty acids (SCFA) from red hybrid tilapia after being fed diets with different types of organic acid additions. Different letters among each SCFA indicates significant differences Fig. 2 Histological sections of the liver from red hybrid tilapia in the control treatment (a) and in the dietary formate treatment (b). For fish in the control, butyrate, acetate, and propionate treatments, the livers showed normal sinusoid structure and uncongested veins and pancreas (P). However, for fish in the formate treatment, there were signs of lipofuscin (Lip) and white blood cell (WBC) infiltrations that were often observed around the pancreas (P). Magnification ×40; H&E staining 1.2% were found to slightly improve tilapia growth and feeding efficiencies, although this was not significant (Zhou et al. 2009 ). In the current study, the dietary inclusion of all the tested organic acids at 2% was chosen based on positive findings when using similar levels to various aquatic species (e.g., Khajepour and Hosseini 2012; Silva et al. 2013; Safari et al. 2016 Safari et al. , 2017 Sukor et al. 2016) . Nevertheless, in the case of sodium formate, this was likely excessive leading to several adverse changes in tilapia. Although dietary sodium butyrate, acetate, or propionate had no effect on the muscle proximate composition, dietary sodium formate significantly decreased and increased muscle crude protein and crude lipid, respectively, which suggests impaired nutrient utilization. This may have been caused, in part, to stress based on the various measured parameters in the current study. The liver histopathology from only the sodium formate treatment revealed hydropic vacuolation, an inflammatory response, and lipofuscin-like material, which were predominantly distributed around the pancreatic tubules. White blood cell infiltrations are sometimes associated with the presence of lipofuscin, which is a yellowbrown pigment produced from the oxidation of polyunsaturated fatty acids that may accumulate within the liver of fish due to toxins or nutritional deficiencies (Agius and Roberts 2003) . This finding is indicative of impaired liver function and appears to be further supported by the elevated plasma ALT, which is sometimes used as an overall health status indicator of the liver during nutritional studies in fish (Zhang et al. 2008; Kumar et al. 2010; Liu et al. 2015) . This is because when the liver is damaged leading to hepatocyte lysis, more enzymes are released into the plasma. Moreover, the significantly higher and patchier distribution of liver glycogen as well as the elevated plasma glucose, red blood cells (and therefore, lower white blood cells), granulocytes, and granulocyte/lymphocyte (G/L) ratio ) when different organic acids were added at 1% to tilapia meat and left at room temperature for 24 h. Different letters indicate significant differences are all consistent with stress in fish (Blaxhall and Daisley 1973; Davis et al. 2008; Van Rijn and Reina 2010; Karami et al. 2016; Harper and Wolf 2009) .
It could be speculated that a reduction to the white blood cell ratio in tilapia fed sodium formate could make fish more susceptible to bacterial challenge. It has been demonstrated, however, that dietary KDF at 0.2 or 0.3% significantly improved the resistance of tilapia to the bacterial pathogens Streptococcus agalactiae (Ng et al. 2009 ) and Aeromonas hydrophila (Elala and Ragaa 2015) . Ng et al. (2009) attributed these findings to decreased pathogenic bacteria within the intestine while Elala and Ragaa (2015) found increased innate immunological responses as well as proliferation of lactic acid bacteria. An altered bacterial composition was demonstrated in tilapia fed dietary KDF from 0.3 to 1.2% (Zhou et al. 2009 ). It is unclear whether the higher dietary levels used in the current study, compared to the studies by Ng et al. (2009) and Elala and Ragaa (2015) , would offer similar protection. There appears to be an indication that the intestinal bacterial composition or amount in the tilapia was altered in all the dietary organic acid treatments, since there was a significant decrease to intestinal short-chain fatty acids (SCFAs) which are only produced by bacterial fermentation (Clements 1991) . This finding in the current study is in agreement with significantly lower SCFA within the intestine of tilapia after being fed diets with sodium citrate . It cannot be totally ruled out, however, that the higher intestinal SCFA within the control group in this study as well as those of Romano et al. (2016) could be related to the higher cellulose content of 2 and 1-4%, respectively. This is because, despite cellulose being added as an inert filler in experimental diets (Nates 2015) , tilapia have been shown to ferment this ingredient based on elevated intestinal SCFA, although at slightly lower amounts than α-starch (Kihara and Sakata 1997) . Formulating the diets differently, such as lower organic acid inclusions to reduce dietary cellulose inclusions and/or increasing the amount of cellulose in all diets, might better elucidate the cause for this response. A somewhat unexpected finding was the significant reduction to intestinal acetic, propionic, and butyric acids when these were supplied in salt form, and more research is required to determine the cause. It is important to note that the digesta was still present within the intestine at the time of sampling, and if the gut microbes were reduced, as observed in tilapia fed a combination of various organic acid types (Ng et al. 2009; Koh et al. 2016) , the dietary SCFA might have been absorbed by the time sampling was performed. A time series experiment to investigate any correlation between SCFA and total colony forming units in the intestine could be worthwhile.
Despite the use of organic acids as preservatives in livestock feeds for many decades (Lückstädt 2008) , there is little information regarding their applications to fish post-harvest. Recently, however, it was demonstrated that dietary sodium citrate significantly reduced lipid peroxidation in rainbow trout (Li et al. 2015) and tilapia ). In the study by Li et al. (2015) , dietary sodium citrate depressed anti-oxidant enzyme activity, while in the case tilapia, dietary sodium citrate was toxic . Therefore, both authors stated this finding could be related to the chelating or anti-oxidant properties of sodium citrate, as opposed to an improved physiological condition. The results of the in vitro experiment also showed an improvement to lipid oxidative stability indicating the potential to act as a preservative. It has been similarly ) when different organic acids were added at 1% to tilapia meat and left at room temperature for 24 h. Different letters indicate significant differences Fish Physiol Biochem (2017 Biochem ( ) 43:1195 Biochem ( -1207 shown that sodium acetate significantly reduced the peroxide value and thiobarbituric acid in salmon fillets over 15 days of storage in a refrigerator (Sallam 2007) .
In addition to improving oxidative stability in vitro, it was also shown that sodium butyrate and propionate significantly reduced the production of TMA, which is a by-product of spoilage bacteria such as Shewanella putrefaciens and Photobacterium phosphoreum in fish (Dalgaard 1995) . The anti-microbial properties of organic acids are well known , and both butyric and propionic acid were shown to be toxic to P. phosphoreum and at lower concentrations than acetic acid (Zeb et al. 2014) . On the other hand, a sodium acetate solution was reportedly more effective than sodium citrate or sodium lactate at decreasing various spoilage bacteria in salmon fillets over 15 days of storage in a refrigerator (Sallam 2007) . Considering that each organic acid has their own unique pKa value, which affects the amount dissociated organic acids and thus their anti-microbial properties , further research should consider the pH and potential changes during the deterioration of fish meat.
In conclusion, the use of dietary organic acids reduced lipid peroxidation but the unaffected growth, and in the case of sodium formate inducing stress, might be related to the organic acid levels being excessive to tilapia and requires further investigations. Such research may potentially improve productivity but also costeffectiveness if lower supplementations are beneficial. On the other hand, the direct inclusion of the organic acids into tilapia meat reduced lipid peroxidation while sodium butyrate and propionate appeared to reduce bacterial spoilage. These findings may have important post-harvest implications and should prompt further investigations to optimal inclusion levels and any effect to various organoleptic qualities.
